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SUMMARY
Muon tomography aims at deriving the density structure of geological bodies from
their screening attenuation produced on the natural cosmic muons flux. Because of
their open-sky exposure, muons telescopes are subject to noise fluxes with large inten-
sities relative to the tiny flux of interest. A recognized source of noise flux comes from
fake tracks caused by particles that fortuitously trigger the telescope detectors at the
same time. Such a flux may be reduced by using multiple-detector telescopes so that
fortuitous events become very unlikely. In the present study, we report on a different
type of noise flux caused by upward-going muons crossing the detectors from the rear
side. We describe field experiments on La Soufrie`re of Guadeloupe and Mount Etna,
and give details on the high-resolution clocking system and the statistical procedure
necessary to detect upward-going muons. We analyse several data sets acquired either
in calibration or in volcano tomography situation. All data sets are shown clearly bi-
ased by upward-going noise flux whose intensity may amount to 50% of the measured
total flux in given directions. Biases produced on density radiographies by this kind of
flux are quantified and correction procedures are detailed. Examples for La Soufrie`re
and Mount Etna are given.
Key words: Volcano monitoring – remote sensing of volcanoes – tomography – image
processing – probability distributions – instrumental noise.
1 INTRODUCTION
Density radiography with cosmic muons aims at determin-
ing the density of geological bodies by using the attenua-
tion of the flux of cosmic muons caused by the screening
effect of the rock volume to probe (Alvarez et al. 1970,
Nagamine 1995; Nagamine et al. 1995; Tanaka et al. 2001).
This new imaging technique presently deserves much inter-
est because it allows to reconstruct the density distribution
through a straight-ray tomography approach. Another great
advantage of muon radiography is its ability to remotely
tomography inaccessible targets like active unapproachable
volcanoes (Tanaka et al. 2005; Gibert et al. 2010; Lesparre
et al. 2012c).
The most recent applications of muon density radiog-
raphy of volcanoes concern the monitoring of density vari-
ations related to either magma degassing in volcano chim-
neys (Tanaka et al. 2009; Shinohara and Tanaka 2012) or
liquid/vapour transition in hydrothermal systems. These ap-
plications put severe constrains on the data quality and ne-
cessitate higher signal-to-noise ratio than demanded by more
classical structural imaging where the density contrasts to be
detected are generally high (e.g. Tanaka et al. 2001; Lesparre
et al. 2012c; Portal et al. 2012; Carloganu et al. 2013). In-
deed, imaging small-density contrasts implies detecting tiny
variations in the flux of muon crossing the object of interest
(Nagamine 2003; Lesparre et al. 2010), and any perturbing
noise may definitely blur the relevant information.
In practice, muon radiography is done with telescopes
that count the particles arriving from a given direction dur-
ing a known period of time that may vary from days to
months depending on the rock thickness and on the density
resolution to reach (Lesparre et al. 2010). A main source of
noise polluting the particle counting comes from fake tracks
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produced by particles that simultaneously hit the telescope
detectors in such a way that their impacts could be inter-
preted as those produced by a single particle crossing the
detectors (Lecomte 1963). Such a noise can be almost elim-
inated by using three or more detectors together with high-
resolution clocks in order to make fake tracks very unlikely
(Nagamine 2003). As an example, our telescopes (Fig. 1)
have at least three detection matrices and a time resolution
of 1 ns (Lesparre et al. 2012a; Marteau et al. 2012).
Fake tracks may however not be the only source of noise
affecting the data. In the present paper, we discuss a source
of noise produced by upward flux of muons, i.e. muons com-
ing from below the horizontal plane and passing through
the telescope. This upward noise perfectly mimics a muon
that would have crossed the structure under study since it
passes all standard geometrical cuts used to remove fake
tracks. Consequently, the only way to remove this noise is
to use high-resolution time-of-flight criterion to distinguish
particles coming from backward from those actually coming
from the volcano.
We identified upward noise in the early data taken on
Mount Etna and on La Soufrie`re of Guadeloupe (Lesparre
et al. 2012c). In particular, we observed that this noise is
present when the telescopes are located on the steep flanks
of the volcanoes, with their rear-side turned toward large and
deep valleys (e.g. Fig. 3). The important role of the atmo-
spheric volume located below and behind the telescope is
established through a dedicated experiment performed on
La Soufrie`re. In a second part of the paper, we discuss the
impact of the measured upward noise on the quality of the
density radiographies. For an upward noise to exist in this
type of field conditions we must suppose that either muons
are produced in the atmosphere volume located below the
telescope level or that muons belonging to almost horizontal
showers are sufficiently scattered to have an upward trajec-
tory. These explanations deserve dedicated modellings that
will be the subject of forthcoming studies.
2 FIELD TELESCOPES
The telescopes used during these experiments are identical
and equipped with three matrices labelled A, B and C from
front to rear and counting 256 pixels of 5 × 5 cm2 formed
by intersecting N = 16 horizontal with N = 16 vertical
scintillator strips (Fig. 1). A detailed description of these in-
struments is given by Lesparre et al. 2012a and Marteau et al.
(2012). We focus here on the upgrade of the timing system
that allows the high-resolution time-of-flight (TOF) analysis
performed in the present study.
2.1 Readout and timing system
Each matrix is readout by its own independant opto-
electronics system. The front-end electronics is auto-
triggered and each hit in a matrix is timestamped before be-
ing transmitted to the event-building computer embedded in
the telescope. The standard event timestamping procedure
is based on the latching of the current local counter value
with steps of 10ns. This 100 MHz clock is generated in a
field programmable gate array (FPGA) via a phase-locked
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Figure 1. Top: Picture of a muon telescope in horizontal position. The three
detection matrices are in the yellow frames. Bottom: Schematic side view
of the matrices (F = front, M = middle, R = rear) showing the different
fluxes crossing the telescope. The sign of the time-of-flight ∆t = trear −
tfront allows to distinguish a front flux (∆t > 0) from a rear flux (∆t <
0). Inclination α of a particle trajectory is measured positive upward and
determined from the pixels fired in the three matrices. Inclination is labelled
αF and αB for front flux and back flux respectively.
loop from a precise, stable, common 20 MHz clock pro-
vided by an external “master clock” card. The three matrices
are therefore synchronized on the same master clock signal
to avoid the inter-clocks drift. The 10 ns accuracy obtained
is enough for the standard use but too short for the TOF anal-
ysis necessary in the present study.
Since the system was not designed initially neither for
precise time measurements nor for particles TOF determina-
tion, no specific hardware was foreseen. At that point there
are two different possibilities: either an increase of the in-
ternal clocks (at the cost of a huge power consumption and
possible instabilities of the system) or the use of time-to-
digital converter (TDC) techniques without extra hardware.
TDC modules have been designed and integrated in the ex-
isting FPGA of each matrix sensor.
2.2 Ring oscillator TDC implementation in FPGA
With a standard counter the measurement of a time interval
rely on the number of clock counts recorded. The intrinsic
error on the measurement equals the quantization error and
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Figure 2. Ring oscillator TDC principle.
the resolution is limited to the clock period. The idea is to use
a temporal vernier with two slightly different and control-
lable frequencies Tslow and Tfast. The first one is launched
on the rising edge of the signal trigger and the second one
on the rising edge of the local counter. The determination of
the coincidence between the two signals gives access to two
values, N0 and N1, representing the number of counts for
the slow and the fast clock respectively. Those quasi-similar
clocks are obtained thanks to small differences in the routing
of the FPGA, allowing timing resolution down to some tens
of pico-seconds.
The timestamp of the signal, with respect to the local
counter, is therefore given by,
T = (N0 −N1).Tslow +N1.δt, (1)
where δt = Tslow−Tfast represents the new resolution of the
system. The working principle of this TDC technique and
the schematics of its implementation are displayed in Fig. 2.
A phase detector is used to determine the coincidence be-
tween the two oscillators. With such a system the timestamp
accuracy was improved from 10 ns down to 250 ps. Cali-
bration procedures allow measuring for each sensor the pa-
rameters Tslow and δt. The values of those parameters may
diverge from one sensor to the other due to the small dis-
persion in the FPGA internal layout. After this upgrade, the
overall timing resolution of the apparatus is driven by the
responses of the scintillator, the optical fibres and the pho-
tomultiplier. In average a global resolution of 1 − 2 ns has
been measured with an oscilloscope.
3 FIELD EXPERIMENTS
This section presents three experiments whose data are used
to study samples of upward noise. Two experiments were
performed on La Soufrie`re of Guadeloupe volcano (Lesparre
et al. 2012) and a third one on Mount Etna (Table 1). Auxil-
iary data in the Rennes University (Britanny, France) labora-
tory are also used for calibration. Before presenting them
into detail, let’s precise the angle notation adopted in the
present study. The telescope main axis is defined as the vec-
tor perpendicular to the three detection matrices planes and
oriented from rear to front (Fig. 1). The orientation of the
telescope is defined by the azimuth, β0, and the zenith angle
γ0 of its main axis. Azimuth is measured positive eastward
and is the angle from North to the horizontal projection of
the telescope axis, for instance β0 = 90◦ when the tele-
scope looks eastward. Zenith angle is always positive and
measured from the upward vertical axis to the telescope axis,
i.e. γ0 = 90◦ when the telescope axis is horizontal as shown
in the picture of Fig. 1.
Fig. 1 represents the different fluxes distinguished in the
present study. The forward flux φF enters in the telescope
through the front matrix and escapes through the rear ma-
trix. Conversely, the backward flux φB enters through the
rear matrix and escapes through the front matrix. We also
distinguish upward and downward fluxes respectively repre-
sented by φuF,B and φ
d
F,B.
Because of the particular role played by the horizontal
plane in the analysis, we also refer to slope angles, α, defined
relative to the horizontal plane within the telescope frame
and measured positive upward. Negative slopes are conse-
quently assigned to telescope lines of sight looking below
the horizontal plane as shown in Fig. 3. When necessary, we
distinguish slopes αF in the forward direction and slopes αB
in the backward direction with the following equivalences
(Fig. 1),
αF = γ − pi
2
= −αB. (2)
With these notations, the different fluxes are such that,
φuF = φF(αF > 0), (3a)
φdF = φF(αF < 0), (3b)
φuB = φB(αB > 0), (3c)
φdB = φB(αB < 0). (3d)
3.1 The Rennes 1 University laboratory site
The Rennes 1 University site is located on the third floor of
building 15 of the Beaulieu campus, at and altitude of 56 m
about 12 m above the ground (Table 1). The topography may
reasonably be considered flat in a wide region of tens of kilo-
metres around the telescope with the nearest noticeable to-
pography highs (≈ 250 m) located 160 km and 40 km away
in the forward and backward direction respectively.
The data set acquired at this location is referred to as
LBCALIB and used to calibrate and test the telescope pre-
viously installed on Mount Etna. The telescope is oriented
horizontally (i.e. γ0 = 90◦). The telescope does not face any
significant obstruction excepted some concrete and plaster
walls representing half a metre of concrete, and there is no
open space aperture below the horizontal.
3.2 La Soufrie`re Roche Fendue site
The Roche Fendue site is located on the Eastern side of La
Soufrie`re lava dome at an altitude of 1268 m (Table 1).
The corresponding data set, called RFCALIB, is dedi-
cated to upward flux detection with the telescope oriented
horizontally with its front face oriented in the South-West
direction along the axis of a small valley with a gentle slope
leading to a wide and deep valley located southward of La
Soufrie`re (Fig. 3). The front side of the telescope sees an
open space free of rock obstruction down to −6◦ (Top part
of Fig. 3). Beyond −6◦ the lines of sight encounter the
Caribbean Mounts and the rock obstruction progressively
increases up to 1.5 km at −7.4◦. The backward landscape
begins with a small horizontal plateau formed by volcanic
deposits at the Col de l’E´chelle located East of La Soufrie`re.
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Table 1. Site characteristics and main acquisition parameters. Note that for Etna site: apertures are for ranges of 15 km (†) and 30 km (‡). Also for the high
definition data sets SMTOMO and ETOMO we specify the characteristics of each sub-dataset when different.
Rennes Lab Roche Fendue Savane a` Mulets Etna
Data set LBCALIB RFCALIB SMTOMO ETOMO
Altitude a.s.l. 56 m 1268 m 1189 m 3095 m
XUTM WGS84 (30)601373 m (20)643347 m (20)642599 m (33)499007 m
YUTM WGS84 5330300 m 1774036 m 1773852 m 4178852 m
Zenith angle γ0 90◦ 90◦ 80◦ - 85◦ - 85◦ 85◦ - 80◦
Forward azimuth β0 68.6◦ 215.5◦ 32◦ - 44◦ - 56◦ 110◦
Open space aperture 0◦ −7.4◦ −7.4◦ −8.0◦ †
below horizontal −3.9◦ ‡
Number of matrices 3 3 3 3
Matrix distance D 85 cm 85 cm 60 cm 85 cm
Axial acceptance 5.8 cm2sr 5.8 cm2sr 11.5 cm2sr 5.8 cm2sr
Angular resolution 1.6◦ 1.6◦ 2.5◦ 1.6◦
Acquisition time 7 days 4 days 22 - 27 - 17 days 7 - 4 days
This plateau produces a small rock obstruction of about
0.13 km that remains constant in [−6.8◦; 0◦] and progres-
sively decreases to zero at 7◦ above the horizontal (Top part
of Fig. 3). Consequently, the downward backward flux will
also be slightly obstructed for this data set.
3.3 La Soufrie`re Savane a` Mulets site
The Savane a` Mulets site is located at the edge of a narrow
plateau located beneath the western side of the lava dome at
an altitude of 1189 m (Fig. 3).
The data set, called SMTOMO, was acquired during a
high-resolution tomography experiment of the lava dome
and merges three data acquisitions made at the same location
with different azimuth angles and slightly different zenith
angles (Table 1). The topography profile taken along the ax-
ial line of sight of the telescope (bottom of Fig. 3) shows that
the front side of the telescope sees a landscape obstructed by
La Soufrie`re that produces an obstruction that varies from
1.75 km at 0◦ to 3 km at −4.1◦. The backward side of the
profile is directed toward a wide open space with an obstruc-
tion that varies from 0.1 km at 0◦ to 0.3 km at−6◦. Beyond
this slope, the Caribbean Mounts produce a stronger obstruc-
tion that rapidly increases to 1.8 km at −7.5◦.
3.4 The Etna North-East crater site
This site is located at an altitude of 3095 m, about three
times higher than La Soufrie`re sites. The back side of the
telescope is directed toward a deep open space down to
−8.0◦ below the horizontal for distance up to 15 km. For
a range of 30 km, the slope of the open space is reduced
to −3.9◦ (Table 1). The data set, called ETOMO, merges the
data for two acquisitions performed with a constant azimuth
angle and slightly different zenith angles.
4 ANALYSIS METHOD
4.1 Statistical detection of an upward flux
We now describe the method used to detect the existence
of an upward flux in the data sets. The analysis relies on
the use of geometrical information provided by the pixelated
matrices of the telescope and time information furnished by
the high-speed electronics.
The geometrical information is the muon trajectory de-
termined by the pair of pixels (ai,j , bk,l) fired by the particle.
Pixel ai,j belongs to the front matrix A and ck,l belongs to
the rear matrix C. Indexes i, k, j, l vary from 1 to N = 16,
and the combination of all possible pairs of pixels (ai,j , ck,l)
defines a set of (2N − 1)2 = 961 discrete directions of sight
rm,n with m = i− k and n = j − l (Lesparre et al. 2012a;
Marteau et al. 2012). The angular range spanned by the 961
directions may be controlled by adjusting the distance 2×D
between the front and rear matrices and, for the present ex-
periments, this distance is set to either 120 or 170 cm de-
pending on the site (Table 1).
One particle is considered detected when one pixel is
fired on each matrix in a 20 ns time interval. The telescope
returns a flux in s−1 that is corrected from the instrument
acceptance and efficiency to recover the absolute flux φ in
s−1.sr−1.cm−2 (Lesparre et al. 2012b).
For one direction of detection rm,n, the total flux
recorded by the telescope reads
φm,n = φ
d
m,n + φ
u
m,n, (4)
where φdm,n is the downward flux coming from over the hori-
zon and φum,n is the upward flux entering the opposite side
of the telescope and coming from below the horizon. In or-
der to display the results in a common geographical frame
independent of both measurement site and telescope config-
uration, we replace rm,n with slopes α and azimuth angles
β. Using this convention, eq. (4) gives two possibilities,
φm,n =
φdαF,β + φ
u
−αF,pi+β
φuαF,β + φ
d
−αF,pi+β .
(5)
depending on whether the forward line of sight has a positive
or a negative slope αF.
A way to use eq. (5) to distinguish φd from φu is to
record two data sets for (α, β) and (α, pi + β) with an open-
sky field configuration such that an upward flux is expected
to only come from direction (pi − α, pi + β). From eq. (5),
Upward-going cosmic muons 5
40 80 170 360 760 1590 3310 6920
β (°) β (°) β (°)
α F
(°)
α B
(°)
obstruction (m)
0 20 40 60 80 100
−50
−40
−30
−20
−10
0
10
0 20 40 60 80 100
−50
−40
−30
−20
−10
0
10
190 200 210 220 230 240
−30
−20
−10
0
10
190 200 210 220 230 240
−30
−20
−10
0
10
80 90 100 110 120 130 140
−40
−30
−20
−10
0
10
80 90 100 110 120 130 140
−40
−30
−20
−10
0
10
αF, αB (°)  αF, αB (°)  αF, αB (°)  
ran
ge
 (k
m)
  
0 2 4 6 8 10
100
101
102
0 2 4 6 8 10
100
101
102
0 5 10 15
100
101
102
Figure 3. TOP: Left – Picture taken southward (i.e. forward direction) from the Roche Fendue site. The mount located 8 km away in the valley axis if the
Houe¨lmont that hosts the Volcano Observatory at an altitude of approximately 400 m. Middle – Wide view of the Savane a` Mulets site showing the telescope
(circle) with low-altitude topography and the Caribbean sea in the background. Right – View taken in the backward direction from the Etna North-East
crater site showing the open space seen by the back side of the telescope. MIDDLE: Rock obstruction (m) facing the telescope in the different acquisition
configurations. RFCALIB on the left, SMTOMO on the middle and ETOMO on the right. The rock obstruction is defined as the total rock thickness encountered
along a given line of sight. The telescope acquisition zone is delimited by a dotted black line. BOTTOM : Range (km) for the different acquisitions along
the central azimuth of the telescope (it does not fluctuate importantly with the azimuth). The range is the distance from the telescope where the line of sight
definitely enters into the Earth.
we have:
φαF ,β = φ
d
αF ,β + φ
u
−αF ,pi+β (6)
φαF ,pi+β = φ
d
αF ,pi+β . (7)
Assuming an azimuthal symmetry of the open-sky flux, i.e.
φdαF ,β = φ
d
αF ,pi+β
, eq. (6) and (7) give,
φαF ,β − φαF ,pi+β = φu−αF ,pi+β . (8)
However, even for the particularly favourable field situation
of RFCALIB (see Table 1), we realized that eq. (8) is of lim-
ited practical usage for two reasons. Indeed, beside the fact
that field configurations with no upward flux in one direction
are quite rare, the muon flux is sensitive to the geomagnetic
field (Hansen et al. 2005) and φα,β may slightly differ from
φα,pi+β . This discrepancy is more important at high zenith
angles because the muons spend more time interacting with
the geomagnetic field.
We therefore use information brought by the telescope
muon time-of-flight defined as ∆t = trear − tfront where
tfront and trear are the dates when the particle cross the
front and rear matrices respectively (Fig. 1). Particles com-
ing from the forward direction have a ∆t > 0, backward
particles have ∆t < 0, and the TOF, ∆tu, of an upward par-
ticle is the opposite of the TOF, ∆td, of the corresponding
downward particle. For a direction rm,n, the theoretical un-
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signed TOF is given by,
∆ttheo(m,n) =
√
4×D2 + (m2 + n2)× δ2
c
, (9)
where δ = 5 cm is the pixel size and c is the light speed in
air.
Despite the high-speed electronics used in the tele-
scopes, time measurements are altered by several uncertain-
ties of different types that prevent a deterministic particle-
by-particle TOF determination. These uncertainties come
from latencies of photon generation in the scintillator (e.g.
Bross et al. 1993; Pla-Dalmau et al. 2001), the chaotic cap-
ture of photons by the optical shifting fibres and their prop-
agation along the fibres down to the photomultipliers (e.g.
Kudenko et al. 2001). These phenomena produce a disper-
sion of the ∆t’s in a range of ≈ 10 ns centred on ∆ttheo
(Fig. 4).
The TOF probability density distribution, P(∆t), may
be decomposed as,
P(∆t) = Pd(∆t) + Pu(∆t), (10)
where Pd and Pu respectively correspond to the distribu-
tions of the downward and upward TOF’s. These distribu-
tions have the same normalized shapeF(mean, std), as they
share the same causes of uncertainties, but they have differ-
ent amplitude and opposite mean. Using this property, eq.
(10) rewrites as,
P(∆t) = rd F(∆ttheo, σ) + (1− rd)F(−∆ttheo, σ) (11)
where 0 ≤ rd ≤ 1 is the downward flux ratio equals to 0 for
a pure upward flux and to 1 for a pure downward flux. From
eq. (11), the average of the measured TOF’s reads,
〈∆t〉 = ∆ttheo × (rd − (1− rd)), (12)
and
rd =
〈∆t〉+ ∆ttheo
2 ∆ttheo
. (13)
In the remaining we shall distinguish the forward ratio, rdF =
φdF/φ
u
B , and the backward ratio, r
d
B = φ
d
B/φ
u
F .
Now that we introduced all the variables, we sum up the
procedure to recover the muon upward flux:
• For each direction of observation rm,n the measured
TOF ∆t are bootstrapped to get 〈∆t〉 (eq. 12) and its uncer-
tainty.
• The theoretical TOF is computed with eq. (9).
• The downward flux ratio rd and its uncertainty are de-
rived with eq. (13). Eventually, rd may be averaged over
azimuthal angle to be written as a function of zenith angle
only. This simplification is valid only when obstruction is
the same at all azimuths considered.
• Finally, we recover,
φd = rd × φ, (14a)
φu = (1− rd)× φ. (14b)
One needs to make a clear distinction between the ratio
rd and the fluxes φ of eq. (14). These quantities are com-
puted with different information and have different uncer-
tainties. The fluxes φd and φu cumulate the uncertainties
brought by both rd and φ, and rd is a better parameter to
α B
(°)
α F
(°)
Δt (ns)
-
-
-
-
-
-
Figure 4. TOF distribution for the SMTOMO data set shown as normalized
histograms as a function of zenith angle. The horizon is represented by the
dashed line. The blue and red solid ellipses respectively show the backward
(αB < 0 and ∆t < 0) and forward (αF < 0 and ∆t > 0) events
corresponding to the downward fluxes. The dashed ellipses show events
corresponding to upward-going muons from forward (red ellipse, αB < 0
and ∆t > 0) and backward (blue ellipse, αF < 0 and ∆t < 0).
prove the existence of an upward flux. However rd is not
an intuitive parameter to characterize the upward flux as ob-
struction on φd and/or φu path will enhance or diminish it.
5 DATA ANALYSIS
5.1 Calibration data sets
The calibration data sets analysed in the present study are ac-
quired by setting the telescope in horizontal position in order
to have identical parameters – same acceptance and obser-
vation axis – in both the forward and backward directions.
When in horizontal position, the telescope lines of sight rm,0
encompass a small range of slopes, (−δα,+δα), where all
types of fluxes (φuF , φ
u
B , φ
d
F and φ
d
B) are indifferently collected
and indistinguishable.
The LBCALIB data set corresponds to a totally symmet-
rical configuration with no obstruction for α > 0 in both the
forward and the backward directions. Since the telescope is
surrounded by a very wide flat area, all upward trajectories
corresponding to negative slopes directly enter the Earth and
have a range limited to few tens of meters. The RFCALIB
data set corresponds to a non-symmetrical situation with no
obstruction up to αF = 6◦ in the forward direction and a
small constant obstruction of 0.2 km down to to αB = 6.8◦
in the backward direction (Fig. 3).
Both the downward ratio rd and the upward flux φu
computed for the LBCALIB and RFCALIB data sets are shown
in Fig. 5. For LBCALIB and as expected, rd ≈ 1 for all slopes
excepted in a narrow range of αF,B > −3◦ above the hori-
zon where rd / 1 on both sides. This corresponds to a tiny
upward flux of 0.3 sr−1.cm−2.day−1.
The rd values obtained for the RFCALIB data set are sig-
nificantly less than 1 for αF < −5◦ for the forward flux and
for αB < −10◦ for the backward flux. If the backward rd is
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significantly lower than the forward one, it is partially com-
pensated on φu because the forward flux is stronger than the
backward flux. Forward φu takes values very close to LB-
CALIB on the first 4◦ below the horizon. It then seems to be
stagnating at 0.2 sr−1.cm−2.day−1 until 10◦ below the hori-
zon where the noise forbids any reading. Forward φu goes
from 0.2 sr−1.cm−2.day−1 to 0 on the first 4◦ below the
horizon. The difference between the forward and the back-
ward φu may be explained by the different obstruction pat-
terns they are facing.
5.2 Tomography data sets
During the tomography measurements, the telescope is
slightly inclined to have its main axis oriented toward the
part of the volcano to be imaged with the largest acceptance.
Consequently, the range of slopes spanned for the forward
and the backward direction are different, and the forward
flux φdF is strongly attenuated by the volcano, leading to an
enhanced lowering of the downward ratio. Tomography data
sets benefit from a good signal-to-noise ratio due to their
longer acquisition time (Table 1).
The azimuthally-averaged ratio rd computed with the
middle SMTOMO data subset (i.e. γ0 = 85◦ and β0 = 44◦) is
shown on Fig. 5. The forward obstruction for this data subset
goes from a few tens of meters at the upper edge of the vol-
cano to ≈ 1 km for horizontal lines of sight (Fig. 3). Below
the horizontal plane, obstruction quickly reaches 10 km. The
backward obstruction is null above the horizon and grad-
ually increases up to a few hundred meters at αB = 10◦.
The discrepancy between the forward and backward obstruc-
tions observed for the SMTOMO data is retrieved in the corre-
sponding rd curves (third top plot of Fig. 5). The forward ra-
tio rdF = φ
d
F/φ
u
B (red curve) takes low values 0.2 < r
d
F < 0.4
for 0 > αF > −5◦ and linearly grows to 0.9 at αF ≈ −15◦.
The extremely low values taken by rdF indicate that the mea-
sured flux of muons is mainly composed by upward going
muons coming from backward directions. Conversely, the
backward ratio rdB = φ
d
B/φ
u
F (blue curve) does not signifi-
cantly depart from 1 excepted at slopes just above the hori-
zon where rdB = 0.9. This indicates that almost no upward
flux φuF is present in the measured flux. This agrees with the
strong obstruction in the forward direction that efficiently
stops eventual upward going muons.
The rd curves obtained for the ETOMO data set (right-
most top plot of Fig. 5) look very similar to the SMTOMO
curves and reflect the obstruction asymmetry observed for
this location (Fig. 3). However, rd values significantly lower
than 1 are obtained in the backward direction for αB > −5◦,
in agreement with the moderate forward obstruction for the
corresponding range of slopes.
The rd curves obtained for SMTOMO and ETOMO in-
dicate the presence of a strong backward upward flux, φuB ,
in the forward flux measured in a slope range of a sev-
eral degrees above the horizon (3◦ for SMTOMO and 4◦ for
ETOMO). This strong flux is not detected for the RFCALIB
data set probably because of the lack of data around the hori-
zon due to the horizontal position of the telescope. At larger
slopes, the upward flux is weaker and appears quite stable.
On SMTOMO we recover the 0.2 sr−1.cm−2.day−1 of RF-
CALIB. This stable zone is less obvious on ETOMO. The
forward upward flux takes significant value in the ”strong
zone”, lower than its equivalent forward upward flux as if
the volcano had partially absorbed it. Below, the noise is too
important for any interpretation but it can fit with the stable
backward zone. The particle flux for the ETOMO data set is
about four times stronger than for SMTOMO. This may be
due to the difference of altitude of the two locations (Ta-
ble 1).
6 REMARKS ABOUT THE ORIGIN OF
UPWARD-GOING MUONS
The results presented in section 5 clearly establish the ex-
istence of a flux of upward-going particles when the rock
obstruction below the horizontal is less than several tens of
meters. The LBCALIB data acquired at a location surrounded
by wide horizontal flat area is used to estimate the noise level
and establish the significance threshold for the other data sets
analysed in the present study. A tiny upward flux seems to
exist for the LBCALIB data in a small range of slopes just
below the horizontal. However, the low signal-to-noise ratio
of this data set makes the existence of this flux questionable.
For the data sets acquired on La Soufrie`re and Mount
Etna, the origin of upward-going muons detected just be-
neath the horizontal may be explained by accounting for the
altitude of the measurement locations with respect to the
nearby sea surface. At such altitudes, sub-horizontal atmo-
spheric showers whose axis has an apparent negative slope
in the telescope frame can produce muons able to reach the
detectors without any obstruction along their path. For the
altitude of the experiments considered in the present study,
the maximum slope equals 1.7◦ for Mount Etna and 1.2◦ for
La Soufrie`re.
For muons produced by showers coming from below the
horizontal atmospheric slant depth, %z , is increased by the
distance-to-horizon length, Lz ,
%z = %0 + Lz × ρ (15)
where ρ is the atmosphere average density and %0 =
36000 g.cm−2 is the horizontal slant depth at z = 0.
For the measurement sites considered in the present study,
%z ≈ 55000 g.cm−2, a value noticeably larger than the hor-
izontal slant depth %0 usually considered as an upper limit
in shower models. A cosmic muon has to spend a supple-
mentary energy loss of δE ≈ 40 GeV in addition to the
energy loss δE0 ≈ 70 GeV corresponding to %0. Conse-
quently, only muons with an initial energy E ? 110 GeV
are able to reach the telescope.
The mechanism invoked above and involving sub-
horizontal showers cannot explain the existence of the flux
of upward-going muons observed at large negative slopes in
the SMTOMO and ETOMO data sets. Indeed, the slopes in-
volved (α = 5◦ − 15◦) are too important to allow muons
created high in the atmosphere to reach the telescope, and
one must resort to muons created near the ground in the vol-
ume of atmosphere located below the altitude of the tele-
scope. The main part of the muon flux observed at the
ground level comes from hadron atmospheric showers where
charged pions are the source of muons through pi+(−) →
µ+(−) + νµ(ν¯µ) decay occurring high in the atmosphere.
In such showers, momentum is transferred from the primary
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Figure 5. Top: downward ratio rdF = φdF /φuB (red) and rdB = φdB/φuF (blue). Bottom: upward fluxes φuF (red) and φuB (blue).
particle to the shower particles whose trajectory only slightly
depart from the shower axis, and hadron shower may then
hardly be the source of muons observed in our experiments.
At lower energy instead (e.g. decay of rest pions) the muon
angle with respect to the decaying particle may be large, and
a weak pion located nearby the telescope can produce an up-
ward muon if it decays below the instrument. This agrees
with the observed obstruction dependence since these low-
energy muons are stopped by a little obstruction. It explains
the stable zone of the flux versus the zenith angle as the pion
disintegration is isotropic. Gamma-induced electromagnetic
showers may also produce a tiny flux of muons either by
photoproduction of pions followed by decay into muons and
neutrinos as in hadron showers or by direct pair production.
It must be kept in mind that other particles than muons
may also contribute to the detected upward flux. Electrons
and charged pions are unlikely to be detected in a tomogra-
phy configuration because pions flux is very weak and elec-
tron cross section is very high as compared to the muon.
However if there is no obstruction like for the backward flux
of the tomography acquisitions and the forward flux of RF-
CALIB and even if the obstruction is little like for the LB-
CALIB acquisition and the backward flux of RFCALIB (fig.
3) they may have a little impact. These scenarios need fur-
ther dedicated Monte Carlo simulations. Indeed if the cosmic
particles flux at sea level for low zenithal angles is very well
known (Barret et al 1952; Golden et al. 1995; Grieder 2001;
Hebbeker 2002), only very specific cases have been studied
for horizontal particles (Ave et al. 2000a, Ave et al. 2000b).
Our simulations will be discussed in a forthcoming paper.
7 INFLUENCE OF UPWARD NOISE ON DENSITY
RADIOGRAPHIES
We now examine the influence of the flux of upward-going
muons on density radiographies, and give an example for La
Soufrie`re of Guadeloupe. Basically, a density radiography is
obtained by computing the opacity, % [hg.cm−2], for each
line of sight spanned by the telescope:
%(L) =
∫
L
ρ(ξ)dξ = ρ× L, (16)
where ξ is the coordinate measured along the ray trajec-
tory of length L across the volcano of density ρ. Once de-
termined, the opacity is converted into the average density
ρ = %/L to construct the radiography image.
In practice, the opacity value is determined by search-
ing the cut-off energyEmin(%) that reproduces the measured
flux of muons by integrating the incident differential flux
Φ0 [cm
−2 sr−1 s−1 GeV−1],
φ =
∫ ∞
Emin(%)
Φ0(E, γ)dE [cm
−2sr−1s−1]. (17)
A discussion concerning the models available for Φ0 may
be found in Lesparre et al. (2010) and, in the present study,
we use the model given by Tang et al. (2006). Equation (17)
shows that a positive bias in the measured flux φ conducts to
an underestimate of Emin hence of opacity %.
To document the sensitivity of the reconstructed opacity
to the flux of upward-going muons, we apply the upward flux
correction to the SMTOMO dataset on the forward downward
flux. Computing rd on each sight axis of the telescope, we
use the results of fig. 5 and fit a simple polynomial law on
it. Finally we apply eq. 14a. One can see on the obstruction
figure of SMTOMO the limits of this approach (fig. 3). Indeed
the site has a significant backward obstruction on the centre
of the acquisition window on the first 4◦ below the horizon
whereas we find open-space on the borders.
Let us consider the impact of the correction of the
strong upward flux on the first degrees below the horizon.
In that case the obstruction is about 1000 m, and as the den-
sity is expected to be around 1.5 g.cm−3 the opacity reads
1500 hg.cm−2. According to Fig. 6, it corresponds to a sig-
nificant correction ratio of about 1.5. The long range and
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Figure 6. Impact of an error measured on the flux on the obstruction. We
use Tang model at sea level. For example if we measure an opacity of
800 g.cm−2 at a slope of 15◦ and have a 50% downward ratio, the real
opacity is equal to 800 g.cm−2 times its corresponding opacity correction
factor (here 1.5).
weak upward flux provides a 0 % to 80 % correction for
obstructions going from 200 m to 1000 m (opacities going
from 300 hg.cm−2 to 1500 hg.cm−2. So progressively go-
ing from 20◦ above to horizon to the horizontal, we get a
correction ratio going from 1 to 1.3.
Top part of fig. 7 shows the raw results of the tomogra-
phy. Between the αF = −10◦ and the horizon we observe
a progressive decrease of the density, down to 0.5 g.cm−3,
which is obviously wrong. On the left side of the window,
for β taking values between 5◦ and 50◦ the decrease is way
quicker and is correlated with an obstruction significantly
thicker (fig. 3).
Bottom part of fig. 7 shows the corrected tomography
results. On the left side of the acquisition we did not delete
the very low density zone previously mentioned. The density
is significantly higher but still lower than on the rest of the
picture. On the right side of the acquisition window (for β
taking values between 50◦ and 85◦) the correction appears if
efficient. The density fluctuations are smoother and we sup-
pressed the very low values zone over the horizon to agree
with the rest of the acquisition. Finally for αF < −10◦ the
correction provided is quite insignificant.
8 CONCLUSION
The data analysis discussed in the present study demon-
strates the existence of a flux of upward-going muons whose
trajectories might be confounded with those of downward-
going muons crossing the volcano to radiography. Upward
fluxes are detected only when the back side of the telescope
is exposed to a wide the volume of atmosphere located below
the measurement level. This favours the existence of pro-
cesses like photo-production of pions or of pairs of muons at
low altitude, near the ground level. High-resolution clocking
systems (fig. 2 ) are mandatory to separate the upward and
downward fluxes (fig. 4).
In some instances, the upward flux can be as intense
as the sought downward flux, leading to important bias in
the reconstructed opacity of the volcano (fig. 6). De-biasing
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Figure 7. Tomography result of SMTOMO high definition acquisition with-
out upward flux correction (TOP) and with upward flux correction (BOT-
TOM). Rock density in g.cm−3.
based on statistical considerations may be applied to retrieve
the correct opacity (fig. 7). Such corrections are indispens-
able to perform accurate density 3D tomography of volca-
noes that need to combine radiographies acquired at differ-
ent view angles and subject to different intensity of upward
flux.
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